This paper describes the lithographic properties of eleven acid amplifiers (AAs) and the chemical modeling approach used to predict their thermal stability in an ESCAP polymer resist system at 70 and 110 °C. Specifically, we show how added AAs affect the sensitivity (Eo and Esize), resolution, line edge roughness (LER), exposure latitude, and Z-parameter of ESCAP resists. We found that acid amplifiers that generate fluorinated sulfonic acids give the best combination of sensitivity, LER, and exposure latitude. Additionally, we show that these compounds are not photochemically active. Five compounds were evaluated using 19 F NMR kinetics. Combining thermodynamic and kinetic modeling has allowed us to predict the relative enthalpies of activation for catalyzed and uncatalyzed decomposition pathways and compare the results to experimental thermal stability tests.
Introduction
Extreme Ultraviolet (EUV) lithography is a leading candidate for the 22 nm lithography node. One challenge facing the developers of EUV resists is the need to simultaneously improve resolution, line-edge roughness (LER), and sensitivity. Unfortunately, these characteristics are inversely related, a relationship commonly referred to as the RLS trade-off [1] . We have predicted that the best way to beat the RLS trade-off is to create more acid molecules per absorbed photon [2] . One method of increasing the amount of acid produced during the post-exposure bake (PEB) is through the use of acid amplifiers (AAs).
An acid amplifier is a compound that decomposes autocatalytically to produce an acid that is strong enough to catalyze its own decomposition ( Figure 1 ) [3] . These compounds contain three parts: a body, an acid labile trigger (T), and an acid precursor (A).
Successful acid amplifiers decompose quickly in the presence of catalytic acid but will be thermally stable in the absence of acid. A compound that decomposes rapidly via the acid-catalyzed mechanism to generate more acid is an acid amplifier; a compound that decomposes thermally (at a rate which is independent of the concentration of acid) is a thermal acid generator (TAG). When the decomposition is autocatalytic, the trigger is first protonated and then cleaved (T) to produce an allylic sulfonic ester which then decomposes thermally to yield a second double bond and a sulfonic acid (A). The sulfonic acid produced by the AA should be strong enough to cause autocatalytic decomposition. In the absence of acid, the sulfonic ester can still decompose to generate a sulfonic acid via an uncatalyzed mechanism (U). Our strategy for designing new acid amplifiers is to maximize the rate of the acid catalyzed decomposition while suppressing the rate of the uncatalyzed decomposition. Figure 1 . Generic AA design featuring a body, trigger (T) and acid precursor (A). The goal is to enhance the rate of the catalyzed decomposition while minimizing the rate of thermal (uncatalyzed) decomposition. Proposed mechanism for catalyzed and uncatalyzed AA-3HB; R = p-C 6 H 4 CF 3 .
Several acid amplifiers have been reported in the literature. The reactivity of these compounds is highly dependent upon the structure of the body, trigger and acid precursor [4] . Triggers that have been studied are alcohols [5] [6] [7] [8] , ketals [9] , carbonates [10] and tert-alkylcarboxy groups [11] . The acid that these compounds generate is almost always a sulfonic acid, and typically toluene sulfonic acid. Only two acid amplifiers previously reported in the literature produce fluorinated sulfonic acids [12] .
Here we show lithographic results for acid amplifiers in an ESCAP resist formulation indicating that acid amplifiers can increase the sensitivity of a resist by as much as 4X, are not (themselves) photoactive, and can increase the sensitivity of a resist by as much as 3X without showing concomitant losses in resolution or LER. We also show that acid amplifiers which generate strong fluorinated sulfonic acids give the best lithographic performance in our reference EUV photoresist [3] . Additionally, we present the kinetics of decomposition for five selected AAs in the presence and absence of added base. Lastly, we introduce methods for modeling both catalyzed and uncatalyzed decomposition pathways.
Experimental

Synthesis of Acid Amplifiers
Detailed procedures for preparing AAs are described elsewhere [3] . However, Figures 3 and 4 show general synthetic approaches used to prepare several of the compounds described in this paper. . General procedure for preparing acid amplifiers 5AB, 5HB, 6AB, and 6HB. Condition A = K 3 Fe(CN) 6 
Thermal Stability Tests
Thermal stability of acid amplifiers was determined by blending them into resist formulations and spin coating. The resulting films were baked at 70 or 110 °C for 150 s and developed in 0.26 N TMAH for 45 s. Stable compounds resulted in film thickness differences of <10 nm before and after development. In some cases, compounds thermally decomposed to produce acid throughout the entire film. When this occurred, the full thickness of the film was removed during development.
19
F NMR Kinetics Decomposition reactions were carried out in sealed NMR tubes under two conditions: (1) Solutions of AAs (70 mM) were decomposed in 50/50 C 6 D 6 /m-ethylphenol to simulate the environment of the polymer matrix. This condition was used to study decomposition under autocatalytic conditions. (2) In addition to the AA and solvent combination described above, 1.2 equivalents (vs. AA) of 2,4,6-tri-tert-butylpyridine was added to prevent the acid from participating in the reaction so that only the kinetics of the uncatalyzed thermal decomposition is observed.
Reaction progress was followed by integration of the CF 3 peaks for the starting compound and fluorinated sulfonic acid (or its pyridine salt) generated during the reaction. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Biospin 400 MHz spectrometer and MestReNova software was used to analyze the spectra. NMR tubes were fully submerged in a heated oil bath for 3-540 min then quickly cooled in water and their NMR spectra recorded. The NMR tubes were subjected to multiple heat/cool/measure cycles until a sufficient number of data points were collected. Reactions were studied at 40, 50, 70, 100, 120 or 145 °C in an oil bath heated using the vapors of refluxing methylene chloride, halothane, 1,1,1-trichloroethane, water, tetrachloroethylene or propylene glycol methyl ether acetate, respectively.
Kinetic Modeling
We The difference in energy between the optimized 3HB starting material and the peak energy of the reaction profile is the calculated H ‡ for the reaction.
Modeling the energy of the reaction profile for the trigger-pull reaction is performed in several steps (T, Figure 2 ). Acid amplifier 3HB is used as an example. We used the relative heats of formation of the trifluromethylbenzenesulfonic acid (F 3 TsOH) and its anion (F 3 TsO-) as well as the ion stabilization energy (ISE) arising from the F 3 TsO-anion in proximity to the protonated AA (in a dielectric constant of 8) AAs that produce non-fluorinated toluene sulfonic acid.
The identity of the trigger also greatly influences the imaging properties of the resist. AAs with hydroxyl triggers are 1.5 to 2.6 times faster than resists with AAs having acetate triggers. Overall, the sensitivity of the resist improves from 7.6 to 1.9 (4x) when using 70 mM of 3HB. However, with extreme improvements in sensitivity, LER and EL, performance is decreased.
Nonetheless, it is clear that the AAs that produce fluorinated acids give the best combination of sensitivity, LER, and exposure latitude. 
19 F NMR Kinetics
The decomposition of an acid amplifier in the presence of excess base is uncatalyzed and proceeds as a first order reaction. The reaction rate and integrated rate equations for this type of reaction are given in Equations 3, 4, and 5. The rate constant (k) is the slope obtained from plotting AA concentration as a function of time (Equation 3). Decomposition of an AA in the absence of base is a second order autocatalytic reaction and is described by Equations 6, 7 and 8 [17] . The plot of AA concentration vs. time is fit with Equation 6 to calculate the rate constant (k).
We studied the decomposition of 3HB in the presence of 3 different bases to determine if the decomposition rate depends on the choice of base. Figure 10 shows the decomposition of 3HB in the presence of 1.2 equivalents of base (2,4,6-trimethylpyridine, 2,6-di-tert-butyl-4-methylpyridine or 2,4,6-tri-tert-butylpyridine) as a function of heating time at 120 °C. This plot shows that the decomposition rate is independent of the choice of base. For comparison, Figure 11 shows the autocatalytic and uncatalyzed decomposition of 3HB at 100 °C. The autocatalytic decomposition (k = 4.8 X 10 -2 ) occurs much faster than uncatalyzed decomposition (k = 3.3 X 10 -5 ). Table I lists the ratio of rate constants for autocatalytic and uncatalyzed decomposition of five compounds at 100 °C. Compounds 3HB, 3HF and 6AB have large values. The autocatalytic decomposition rates are much faster than the uncatalyzed decomposition rates-a desirable property for AAs. Compound 6HB has a ratio of 1; there is no distinction between the autocatalytic and thermal decomposition rates. For this reason, 6HB in not an AA; it is a thermal acid generator (TAG). Table I . Summary of kinetic analysis of five compounds (3HB, 3HF, 8HB, 6AB and 6HB).
Molecular Modeling 3.3.1 Verification of Thermodynamic Modeling
In order to model the thermodynamics of trigger protonation as shown in the mechanism (Figure 2) , we used Mopac PM6 in Chem3D. To evaluate the ability of this model to predict the thermodynamics of organic molecules we compared the calculated heat of formation of 35 solvents in the gas phase ( Figure 12A ) and 29 solvents in the liquid phase ( Figure 12B) (6)
The calculation of the heat of formation of single molecules is straight forward and predictive of experimental results ( Figure 12A ). This data goes through the origin and has an R 2 of 0.992. To determine the heat of formation in condensed phases the dielectric constant is required to account for intermolecular stabilization effects. Figure 12B shows a comparison between the calculated heats of formation of liquid solvents using published dielectric constants with published heats of formation. The experimental vs. calculated results show excellent agreement with R 2 = 0.988. 
Comparison of Catalyzed and Uncatalyzed
Reaction Rates of Fifteen Acid Amplifiers Figure 5 shows eleven AAs evaluated for thermal stability and modeled using Spartan'06. The symbols show the success of these compounds in withstanding thermal decomposition reactions. We compared the enthalpy of activation on the uncatalyzed decomposition vs. the trigger-pull reaction (Figure 13 ). These differences are shown in Figure 14 . For the most part, this method is fairly predictive of the thermal stability of these molecules. Only in the range of H THERM -H TRIG of -7 to 0 does the model seem to show some lack of prediction. trigger-pull H ‡ as modeled using thermodynamic and kinetic approaches. These differences compare reasonably well against the experimentally determined thermal stability of the AA molecules.
Summary and Conclusions
We have developed and evaluated eleven new acid amplifiers for use in EUV photoresist polymers. Lithographic studies show that although these compounds are not photoactive, they are capable of increasing the sensitivity of a model EUV resist by factors of three to four.
A key piece of our strategy in designing and synthesizing AAs for use in EUV has been to prepare compounds that release strong, fluorinated sulfonic acids. Prior to this work, only two AAs reported in the literature produced fluorinated acids [12] . We present eight more. We have shown that AAs which produce fluorinated sulfonic acids give higher sensitivity, better LER, and better exposure latitude than AAs that produce non-fluorinated sulfonic acids.
19
F NMR kinetics were used to independently evaluate uncatalyzed and autocatalyzed reaction rates when conducted with or without an excess of sterically hindered base. We found that the ratio between these two rate constants is an excellent measure of the usefulness of a given acid amplifier. Additionally, we have shown that combinations of thermodynamic and kinetic modeling can be useful in predicting the thermal stability and reactivity of acid amplifiers.
In conclusion, acid amplifiers that produce fluorinated sulfonic acids show great promise in helping EUV resists simultaneously improve resolution, LER and sensitivity.
